The internal transcribed spacer region (ITS 1 and ITS2) of the 1 SS-25s nuclear ribosomal DNA sequence and the intervening 5.8s region were sequenced from three individuals in each of eight taxa of the Mimulus guttatus species complex. Three discrete variants, or "types," of ITS sequences were found, among which 30%-40% of sites differed, compared with l%-2% within types. Dot plots indicate that these types were not related by conspicuous rearrangements or inversions. More than one ITS type was often found in the same taxon, and two of three ITS types span species boundaries, indicating their presence prior to speciation. These ITS sequences showed essentially no positional homology with the nearest sequenced relative, tomato. In contrast, the 5.8s region was relatively unvaried, with 8 of 162 sites varied in the sample among all eight taxa, The phylogeny inferred by the most common ITS sequence type, rooted by the two other ITS types, agreed with isozymes in showing the distinctness of M. nudatus, M. luciniatus, and ikf. tilingii from the other five taxa.
Introduction
The major ribosomal RNA (rRNA) genes of plants are localized in clusters of highly repeated sequences, each repeat consisting of sequences for the 18S, 5.8S, and 25s ribosomal subunits. These genes show little sequence divergence between closely related species. Within each repeat, these conserved regions are separated by internal transcribed spacers ( ITS), which show higher rates of divergence. The designation for the spacer between the 18s and 5.8s genes is "ITS 1"; the designation for the spacer between the 5.8s and 25s genes is "ITS2." A third spacer, the large intergenic spacer (IGS), is found between the 3' end of the 25s and the 5' beginning of the 18s genes. Restriction-fragment-length polymorphism (RFLP) analyses of the ITS regions was useful for inferring phylogenies of closely related species ( Appels and Dvorak 1982a, 19826; Furlong and Maden 1983; Rogers and Bendich 1987; Schaal and Learn 1988; King and Schaal 1989 ; Sytsma and Schaal 1990) and even for inferring phylogenies of closely related individuals and populations (Learn and Schaal 1987; Schaal et al. 1987) .
While DNA sequences for the 18S, 5.8S, and 25s subunits have been well characterized for many different organisms (Hamby and Zimmer 1992) ) sequences of ITS regions have only recently received significant attention (Furlong and Maden 1983; Gonzalez et al. 1990; Baldwin 1992; Lee and Taylor 1992) . Baldwin ( 1992) found high sequence alignability yet divergence of up to 20% in the Madiinae and concluded that the ITS regions have apparent value as source of phylogenetic data but stressed that other plant groups need examination.
DNA sequence assays have been greatly aided by the discovery of the polymerase chain reaction (PCR; Saiki et al. 1988) , which makes possible the rapid amplification of specific pieces of DNA from small amounts of starting tissue, as well as direct sequencing of PCR products without cloning. While rapid assay of spacer sequences is now possible, the potential for polymorphism at ITS nucleotide sites warrants caution against indiscriminate direct sequencing of PCR products.
The Mimulus guttatus species complex is an actively evolving group of 8-12
(depending on taxonomic treatment) intercrossable species. The first morphological study defining these taxa was by Grant ( 1924) . Chromosome counts of these species vary from n = 13 to n = 15 (Campbell 1950; Mukherjee and Vickery 1960) . Vickery ( 1964) proposed that this group was a living example of Wright's ( 1932) model for rapid evolution and speciation. A previous study of reproductive characters and isozyme differences among eight taxa of the M. guttatus species complex (Ritland and Ritland 1989) indicated that inbreeding and a suite of characters associated with inbreeding have evolved at least twice in this group.
In this paper, we present the results of a survey of DNA sequences spanning the 5.8s region and flanking spacers (ITS 1 and ITS2) of eight closely related taxa of the M. guttatus species complex. Determination of complete DNA sequences for three individuals of each taxon allows a glimpse of population-level variation for these genes. Results from a molecular phylogenetic analysis further demonstrate the potential for the use of rDNA spacer sequences to infer phylogenetic relationships among plant taxa.
Material and Methods
The following eight taxa, all members of the common yellow monkey flower species complex, were used for sequence determination of the 5.8s gene and flanking transcribed spacers: Mimulus micranthus, M. laciniatus, M. nasutus, M. guttatus, M. tilingii, M. glaucescens, M. platycalyx, and M. nudatus. All collections were from California (table 1) ) and all except one (M. guttatus) were from the same location as in an earlier study (Ritland and Ritland 1989) . In 1987-89, seed capsules were collected At peak flowering, for each taxon, leaves were harvested from the pool of individuals ( -1,000)) and total DNA was isolated immediately by the CTAB (cetyltrimethylammonium bromide) method of Doyle and Dickson ( 1987) . To avoid mislabeling or cross-contamination of DNA, DNAs from different species were isolated on different days. The yield and purity of isolations were determined as described elsewhere (Ritland and Straus 1993 ) .
From this pooled DNA, PCR was used to amplify DNA to sufficient levels for direct molecular cloning. Conserved areas from the 3' end of the 18s sequence and from the 5' end of the 25s sequence were used as PCR primers. To avoid mislabeling or contamination of products, PCR reactions for different taxa were done on different days. Cloning and sequencing were performed as described by Ritland and Straus ( 1993) . Sequences were obtained for each of three independent clones per taxon (except for M. platycalyx, for which four independent clones were sequenced). To confirm each sequence, we sequenced in both directions (by using complementary strands), and the sequences from the nontranscribed strand were converted to their complementary sequence. Figure 1 gives the areas sequenced. Overlapping sequence data from the same clone (individual) were assembled into complete clonal sequences by using ESEE, an eyeball sequence editor (B. Chabot, Simon Fraser University, British Columbia). The 25 complete sequences from the eight taxa were then aligned by means of the multiple-alignment program, TreeAlign (Hein 1989) . This method first constructs a matrix of similarity between unaligned sequences based on k-tuple frequencies and then aligns sequences (or groups of sequences) according to their inferred relationship.
Dot plots (not shown) were constructed to examine the relationship between spacers that fell into distinct types. The best resolution was deemed to occur with a filter that allowed >7 of 10 matches. Comparisons were also made to the nearest sequenced relative, tomato.
Phylogenies were then estimated from the aligned sequences, by using PHYLIP ( version 3.4; Felsenstein 1989) . DNADIST first created a matrix of distances among sequences (with one rate model assumed), then NEIGHBOR (the neighbor-joining method of Saitou and Nei 1987) inferred the network of relationships from the distance matrix. The resulting tree, with branch lengths proportional to number of changes, was plotted by DRAWTREE.
The distance-matrix method was used because of its incorporation of base-substitution models. Such models allow unbiased estimation of the total number of evolutionary changes among sequences with lower similarity, whereas parsimony methods provide only a minimum estimate. Because of its very low similarity, the tomato could not be used to root the Mimulus ITS tree. We therefore rooted the phylogeny of the most common Mimulus ITS type (type I, found in 19 of 25 sequences) by the other two Mimulus ITS types.
Results
Sequence Length, % (G+C) Content, and Alignment Sequence lengths and % (G+C) for the ITS 1,5.8S, and ITS2 for each of 25 clones are given in table 2. The ITS 1 showed significant length variation, from 189 to 2 14 bases (table 2) . This variation occurred primarily among the three major ITS types. The % (G+C) for the ITS1 varied across taxa, from 44% to 49%. The 5.8s showed no length variation. With the exception of one clone (M. nasutus 3), the % (G+C) for the 5.8s gene was 5 1%. The ITS2 region also showed sequence-length differences among clones and taxa (table 2) . The %( G+C) was 45% to 48% and was generally higher than in the ITS 1. This appears to be due to a region in the ITS 1 between bases 135 and 168 that is A+T rich. No variation was found in the last 47 nucleotides of the 3' end of the 18S, nor in the beginning 59 nucleotides of the 5' end of the 25s.
The aligned sequences of the 25 clones are presented separately for the 5.8S, ITSl, and ITS2 regions in figure 2 (top left, bottom le$, and top right, respectively). divergence within ITS types, is clearly indicated by the relative branch lengths: branch lengths within types [barely discernible in fig. 3 (a) and (b)] are l%-5% of branch lengths between types.
Molecular Phylogeny of the Eight Taxa
Because the large differences among the three ITS types make it difficult to align the nucleotides homologously, we examined the most phylogenetically informative subset of data, the type I group of sequences, including both spacers and the 5.8s. The phylogeny based on these sequences is shown in figure 4 (point deletions were included as individual characters). We rooted the type I group with the other two types. 
5.8s Point Substitutions
in Relation to Secondary Structure Figure 5 gives the secondary structure of the A4imulus 5.8s ribosomal subunit, on the basis of the model proposed by Pace et al. ( 1977) . Sites that were polymorphic in our samples of the Mimulus 5.8s gene are indicated. Four polymorphisms occurred at the 5' end of the molecule, while the 3' tail was entirely conserved. The only clone that showed all four base changes at the 5' beginning of this gene is clone 3 of M.
nasutus. The obligatory interactions (Takaiwa et al. 1985) , between the 3' end of the Variation in the Ribosomal ITS Mimulus guttatus 1283 5X gene and the 5' beginning of the 25s gene, do not appear to be greatly affected by these nucleotide-substitution changes. The other base changes in the 5.8s (at the end of loop I and loop VI, fig. 3 ) do not affect base pairing at all. The two transitional changes at bases 99 and 124 also do not cause any major structural change.
Discussion

rDNA ITS Evolution
The ITS regions do not encode an rRNA subunit and show the expected greater sequence variation than in the 5.8s region. This variation is primarily attributable to the presence of three major sequence types [ fig. 3(a) and (b) ] . Within each type, evolutionary changes are on the order of 1 / 100 nucleotide sites, while, between types, evolutionary changes are on the order of 30-50/ 100 nucleotide sites. The great differences among types makes their alignment, and hence the precise degree of variation among'types, difficult to determine. In our sample of only three individuals per taxa, two of eight taxa contained two different ITS sequence types, and a third taxon (M. nasutus) had all three ITS types. The most common type (type I) was found in all taxa, but the rarest type (type III) was found in only one taxon (M. nasutus).
Taxa polymorphic for these ITS sequence types reside at one side of the phylogeny in figure 5 (the side with M. platycalyx, M. micranthus, and M. nasutus). This argues for an origin of these types after the origin of the M. guttatus species complex. However, a larger sample from M. laciniatus, M. tilingii, and M. nudatus is needed before we can rule out the presence of polymorphism in these taxa. In addition, the large divergence among types, relative to that within types, argues for the opposite: a relatively ancient age of these ITS types, likely predating the origin of the M. guttatus species complex, particularly if these sequences are clocklike in their evolution. Previous studies of ITS regions, while demonstrating sequence variability, have not found polymorphism for discrete sequence types. Restriction-fragment-length variants for the ITS region were found within populations of Lisianthius skinner-i (Sytsma and Schaal 1985, 1990) , but, in the absence of sequence information, the homology of these variants cannot be established. The IGS region, which also does not encode an rRNA subunit, was also shown by Appels and Dvorak ( 1982a, 1982b) to harbor great variation.
Our sample of three DNA sequences per taxon, while sufficient to demonstrate polymorphism, is much too small to enable us to make good statistical inferences about numbers and diversity of sequence types. There are probably several more, undiscovered sequence types. However, if sequence types are homogeneously distributed among taxa, and if the PCR has no bias of amplification, then these additional types are likely to be low in frequency. If an undiscovered type has frequency p, the probability that it will be found in a sample size of 25 is 1 -( 1 -P)*~, indicating that, with -95% probability, we will have detected a type with frequency >p = 0.10. If types are concentrated in one or few taxa, frequencies of undiscovered types can be much greater: if a sequence type is present in only one population, we have detected it with 95% probability only if its frequency is >-p = 0.63.
Our data say little about the actual frequencies of ITS sequence types. Population geneticists regard a sufficient sample size for estimating gene frequency as 30 diploid individuals, or 60 haploid gametes. However, it is clearly impractical to sequence 60 clones from each taxon. Nonsequencing methods for rapid assay of DNA sequence variation, such as denaturing gradient gel electrophoresis ( Lessa 1992 )) may substitute for sequence assay to detect the type of variation we have found.
Recently, variations in rDNA repeat units were found in single individuals (Bobala et al. 1992) . In our study, it is unlikely that the different ITS sequence types were sampled from the same individual. Because we used PCR on bulk DNA of thousands of individuals, the chance that different clones were sampled from the same individual is on the order of 1 / 1,000. However, it is still possible that the three ITS sequence types represent different regions, each region sampled from a dz&-ent individual.
Ribosomal
5.8s DNA Evolution
As predicted by Schaal and Learn ( 1988 ) for plants, there was little within-population sequence variation in the 5.8s ribosomal subunit. Mimulus nasutus, A4. micranthus, and M. platycalyx showed a few point changes in the 5.8s region, but other taxa showed even less variation. Only 8 of the 162 sites were variable among the 25 clones sequenced from eight taxa. The 3' end of the 18s rDNA gene and the 5 ' beginning of the 25s rDNA gene were also completely identical in sequence among the eight taxa (data not shown). The %( G+C) content for the Mimulus 5.8s gene (5 1%) is lower than in most other plant species ( Ritland and Straus 1993 ) . The 162-base length of the Mimulus 5.8s gene is also shorter than in most plant species ( -164-165 bases long; see Ritland and Straus 1993 ) .
In the 5.8s gene, the substitutional changes observed among the clones and taxa ( fig. 5 ) appear to be of little consequence for base pairing. Changes occurred either in the loops, immediately adjacent to loops, or along the 5' tail. Internal paired regions of the 5.8s and its 3' tail, which strongly interacts with the 5' tail of the 25s subunit, showed no sequence variation. Apparently, mutations during the evolutionary history of the Mimulus 5.8s subunit have been filtered by natural selection to allow only those substitutions having minimal effect on the secondary structure of the ribosomal subunits.
Phylogenetic Inferences
Because the three ITS sequence types are shared among taxa, a phylogeny constructed with all 25 complete sequences primarily represents the phylogeny of "genes" (e.g., sequence types) rather than the phylogeny of taxa within the M. guttatus species complex. However, within a given sequence type, the phylogeny of Mimulus taxa can be inferred, to the extent that sufficient variation occurs and that sufficient numbers of taxa possess the sequence type. It is interesting that the other sequence type(s) can be used to root the tree of a given sequence type. This rooting assumes that these ITS types are paralogous sequences and that their origins predate the origins of the taxa under study.
The most common ITS sequence, type I, was found in 19 individuals among all eight taxa, and the rooted phylogeny based on this type ( fig. 4) ) wherein the root was inferred from the other two ITS types, is not in conflict with that based on isozymes (Ritland and Ritland 1989) . Mimulus tilingii and M. laciniatus cluster as one group, and M. nudatus separates out as another group. The other taxa also fall into distinct nodes, with the exception of M. guttatus and M. glaucescens, which are intermixed in the interior of the phylogeny.
These two taxa are also similar for reproductive allocation characters ( Ritland and Ritland 1989) .
There was no obvious relationship between chromosome number and molecular relationships. A4imulus taxa have chromosome numbers from n = 13 to n = 15, with the modal number of n = 14. One population of M. nasutus reported by Vickery (not used for this study) had n = 13 (Mukherjee and Vickery 1960) ) and one other population of M. platycalyx has n = 15. Vickery ( 1964) showed that this extra chromosome could be an accessory chromosome.
The phylogeny of the three ITS types is less certain, as the three types are difficult to align, making inferences about relationship on the basis of point substitutions very uncertain. Like the comparison of two Xenopus species by Furlong and Maden ( 1983) , several short sequence elements are identical between the ITS types ( fig. 2) ) but, overall, similarity is low. The high frequency of type I in our sample suggests that type I may be the most ancient ITS type.
Mating System
The patterns of rDNA variation do not correlate with the mating systems of these taxa. As one would expect, the outbreeding M. nasutus showed within-species sequence variation. However, M. micranthus, an extreme inbreeder (Ritland and Ritland 1989) , also showed within-species sequence variation. Mimulus platycalyx is also highly inbreeding but also showed infraspecific variation. By contrast, isozyme variation shows a significant negative association with levels of inbreeding (Ritland and Ritland 1989) . The lack of correlation between rDNA variation and level of inbreeding may occur because of the unusual factors involved in the evolution of ribosomal sequences. These factors-which include gene conversion, unequal crossing-over, and mechanisms of concerted evolution (as coined in Zimmer et al. 1980) ) as well as secondary-structure constraints-may override the classical factors of effective population size and genetic drift as the agents regulating ribosomal genetic variation.
Use of PCR
Because PCR is the most rapid method for isolating a particular sequence from the genome, the fastest way to sequence the same locus from a large number of different species would be to directly sequence PCR amplification products. Because the actual number of target sites is very large during the first PCR cycle, and because the error rate for Taq polymerase is quite low (Tindall and Kunkel 1988 ) and is expected to be random, the actual number of PCR-induced errors at any one site along a sequence should be too small to interfere with the reading of a DNA sequencing ladder. Therefore, the direct sequencing approach has the added theoretical advantage of avoiding sequence errors that result from the misincorporation of a nucleotide by thermally stable polymerases.
Numerous attempts were therefore made to directly sequence PCR products. Several techniques were tried, including high-temperature sequencing with BST polymerase to open secondary structures, use of deaza GTP, as well as Taq sequencing at high temperature ( 60°C). All resulted in a high frequency of signals across more than one sequencing lane for most of the species. In hindsight, most of this probably resulted from the presence of multiple ITS sequence types (types I, II, and III, fig, 2, top left,  bottom left, and top right, respectively) .
Thus, we resorted to the approach of sequencing both strands of three independent recombinant plasmid clones for each of eight taxa (four clones were sequenced for M. platycalyx) . Three or more clones were sequenced, because even low rates of PCR misreplication can cause problems when few informative base changes are available for phylogenetic inferences (Bloch 199 1) . With at least three independent clones, the occasional PCR error would be detected by a difference between one clone and the other two. Such differences may be confused with actual interindividual variation. In this study, the strategy of sequencing three or more clones per taxa led to the unexpected discovery of several discrete ITS sequence types.
We exercised added caution in use of the PCR technique. First, great care was taken to avoid cross-contamination by performing PCR reactions of different taxa on different days. Second, the fidelity of the PCR reaction was tightly controlled. Studies have shown that the Tag enzyme used for PCR can show high fidelity under certain concentrations of dNTPs and Mgf2 (Eckert and Kunkel 1990) . Our experimental conditions met these requirements (dNTP was 1 mM final, Mg+2 was > 1.5 mM final, and Taq was >2.5 units/reaction in a loo-@ vol).
Conclusion
DNA sequence comparisons of the ribosomal 5.8s and ITS regions among eight closely related Mimulus species have raised intriguing questions regarding the origin and maintenance of ribosomal sequences. The extent of sequence divergence among the three ITS sequence types argues for their presence prior to the origin of the M. guttatus species complex. However, either natural selection or concerted evolution (Zimmer et al. 1980 ) may maintain the integrity of each ITS type through evolutionary time spans, thus biasing our perception of the origin of these ITS types to a more distant past. Larger population samples, as well as assays of taxa closely related to Mimulus, would help resolve this question of age. Further investigation is also needed to document the role of secondary structure in favoring the evolutionary conservation of the 5.8S, as well as that of regions within the ITS.
Sequence Availability
The nucleotide sequence data reported in this paper have all (except one, noted below) been submitted to GenBank and have been assigned the following accession numbers: Mimulus micranthus 1, L02794; M. micranthus 2 (and 3), L02795; A4. laciniatus, L02796; A4. nasutus I, L02797; M. nasutus 2, L02798; M. nasutus 3, L02799; A4. guttatus 1 (and 3), LO2800; M. guttatus 2, LO2801; M. tilingii 1, LO2802; M. tilingii 2, LO2803; M. tilingii 3, LO2804; A4. platycalyx 1 ( 1 and 2), LO2805; M. platycalyx 2 (3 and 4), LO2806; A4. nudatus, LO2807; and M. glaucescens, Zl5097 (EMBL data bank).
